Disorder-activated Raman spectra of cubic rocksalt-type Li(1−x)/2Ga(1−x)/2MxO (M=Mg, Zn) alloys J. Appl. Phys. 112, 043501 (2012) Room-temperature structures of solid hydrogen at high pressures J. Chem. Phys. 137, 074501 (2012) On the determination of absolute vibrational excitation probabilities in molecule-surface scattering: Case study of NO on Au(111) J. Chem. Phys. 137, 064705 (2012) The atomic structure of protons and hydrides in Sm1.92Ca0.08Sn2O7−δ pyrochlore from DFT calculations and FTIR spectroscopy J. Appl. Phys. 112, 033705 (2012) Application of well-defined indium tin oxide nanorods as Raman active platforms Appl. Phys. Lett. 101, 053117 (2012) Additional information on J. Appl. Phys. High-pressure synchrotron radiation x-ray diffraction and Raman spectroscopy measurements of indium oxide ͑In 2 O 3 ͒ were carried out at room temperature up to 27.8 and 26.2 GPa, respectively. A pressure-induced phase transition from cubic-phase ͑Ia3͒ was observed at a pressure above 12.8-15.3 GPa, which disagrees with earlier theoretical prediction ͑3.8 GPa͒. According to the x-ray diffraction experimental data, the high-pressure phase is isostructural with hexagonal corundum-type structure ͑R3c symmetry͒. However, broad peaks observed in Raman spectra suggest that the high-pressure structure is disordered. The volume change from cubic phase to corundum phase is about 4% and the axial ratio c / a in the corundum phase decreases with increasing pressure.
I. INTRODUCTION
In recent years, significant interest has been focused on group-III oxides such as Ga 2 O 3 , Al 2 O 3 , and In 2 O 3 for specific applications. As a wide band-gap ͑3.5-3.7 eV͒ n-type semiconducting binary oxide, ͑c-In 2 O 3 ͒ has recently attracted much interest as an important functional material with electrical conductivity and high transparency to light. In particular, In 2 O 3 has many potential applications to solar cells, 1 field-effect transistors, 2 barrier layer in tunnel junctions, 3 sensing material in gas sensors, 4 liquid crystal displays, 5 and organic light emitting diodes. 6 So far there are three crystal structures reported for In 2 3 . Recently, most of the studies of In 2 O 3 focused on thin films and doping to enhance its properties. [7] [8] [9] The synthesis of corundum-type In 2 O 3 becomes particularly attractive because the metastable phase is a route toward creating new materials at ambient pressure and high temperature. [10] [11] [12] [13] [14] This corundum phase exhibits better physical properties than those of the cubic one, having a more stable conductivity and a structure similar to other important metal-doped oxides. What is more, Karazhanov et al. 15 suggested that corundum-In 2 O 3 is an indirect band-gap semiconductor, as opposed to c-In 2 O 3 , which has direct band gap. They predicted that one can expect transparency in a wider energy range of the solar spectra from corundum-In 2 O 3 than c-In 2 O 3 .
It is therefore of great interest to study the various pressure-induced phases of In 2 O 3 . Similar high-pressure studies of binary oxide materials have stimulated great enthusiasm. For example, the high-pressure behavior of Al 2 shock-induced high-pressure data reported in the literatures, we have undertaken a comprehensive investigation of In 2 O 3 at room temperature in DAC performing in situ synchrotron radiation x-ray diffraction ͑XRD͒ up to 27.8 GPa and in situ Raman spectroscopy measurements using up to 26.2 GPa.
II. EXPERIMENTAL
Commercially available indium oxide powder ͑99.995%͒ was loaded into a gasketed high-pressure DAC with a 300 mm diameter culet face. The T301 stainless steel gasket was preindented by the diamonds to an initial thickness of about 70 m and then a center hole of 100 m diameter was drilled as the sample chamber. The In 2 O 3 powder with the liquid quasihydrostatic pressure-transmitting medium ͑methanol/ ethanol/ water= 16:3:1͒ was loaded into the sample chamber along with a tiny ruby chip for pressure measurements. In situ high-pressure XRD measurement was performed at room temperature with angle dispersive synchrotron x-ray source ͑ = 0.437119 Å͒ of the Advanced Photon Source ͑APS͒, Argonne National Laboratory ͑ANL͒. The diffraction data were collected using MAR165 charge coupled device ͑CCD͒ detector. The Bragg diffraction rings were recorded with an imaging plate detector and the twodimensional XRD images were analyzed using FIT2D software, yielding one-dimensional intensity versus diffraction angle 2 patterns. 23 The simulation and analysis of the different pressure XRD patterns were performed by Rietveld method by using a software module Reflex in MATERIALS STUDIO. 24 During each refinement cycle, scale factor, background parameter, and cell parameter were optimized.
High-pressure Raman experiments were also carried out at room temperature up to 29 GPa. Indium oxide powder and ruby particles were loaded into a sample chamber ͑120 m in diameter and 70 m thick͒ of a 500 m culet Mao-Belltype DAC along with the mixture of 16:3:1 ͑methanol/ ethanol/water͒ as pressure-transmitting medium. Pressure was determined from the frequency shift in the ruby R 1 fluorescence line. 25 By monitoring the separation and widths of both R 1 and R 2 lines, we confirm that hydrostatic condition was maintained throughout these experiments. The precision in our pressure measurements was estimated to be around 0.05 GPa. High-pressure Raman spectra were recorded on a Renishaw inVia Raman Microscope in the backscattering geometry using the 514.5 nm line of an argon ion laser, provided with a CCD detector system. Pressure-induced shifts in overlapping Raman bands were analyzed by fitting the spectra to Lorentzian functions to determine the line shape parameters.
III. RESULTS AND DISCUSSION

A. X-ray spectra at pressures
The XRD patterns at various pressures up to 27.8 GPa were collected and shown in Fig. 2 . At ambient condition, all diffraction peaks can be indexed to a pure bixbyite-type structure ͑Ia3͒ In 2 O 3 crystal with space group No. 206 and lattice constants of a = b = c = 10.11 Å. 26 The number of molecules per unit cell ͑Z͒ of this phase is 16 and the corresponding unit cell volume V 0 = 64.8 Å 3 . A transition from cubic bixbyite type to hexagonal corundum type was predicted theoretically to occur at 3.8 GPa. 24 However in our experiments, the In 2 O 3 sample showed no sign of changes in the diffraction pattern up to 15.3 GPa. A dramatic change in the diffraction patterns was observed at pressures above 15.3 GPa with the appearance of a new peak, indicating the onset of a phase transition. In Fig. 2 , the new diffraction peak, which becomes gradually stronger with pressure, is indicated with an arrow at 15.3 GPa. Another new peak emerges in the XRD spectrum at 23.4 GPa near a peak labeled L in Fig. 2 . As the d-spacings of cubic and corundum In 2 O 3 are close to each other in Fig. 2 , it indicates that the cubic and corundum In 2 O 3 coexist at the pressure range of 15.3-27.8 GPa. The XRD data point toward a strong hysteresis across this transition, which might be explained as the inherent sluggish 27 Our phase transition pressure is consistent with that obtained by shockinduced method. Upon releasing pressure to ambient condition, we found that both the new diffraction peaks of corundum phase and the diffraction pattern of cubic phase were retained, indicating that the high-pressure new phase survived on release of pressure at ambient condition and that the phase transition was incomplete. From these data and previous high-pressure phase transition data, we estimate that the complete phase transition may require a pressure of 35 GPa or more.
Rietvelt refinements were carried out at various pressures using MATERIALS STUDIO software to obtain the cell parameters. The pressure effects on the lattice parameters and unit cell volumes V are listed in Table I . A third-order Birch-Murnaghan equation of state fit of unit cell volume change with pressure ͑Fig. 3͒ yields
where B 0 is the bulk modulus and B 0 Ј is the pressure deriva- Fig. 4 . The relative reduction along the a axis is given by least-squares fits of the curves, yielding
The present data show a smooth and monotonic behavior until 15.3 GPa, indicating that cubic phase did not transform to the high-pressure phase until 15.3 GPa. It is noteworthy that, in the corundum phase, the cell parameter ratio c / a 
B. Raman spectra at pressures
Group theory predicts the following representation for the center of Brillouin zone ͑q =0͒ optical vibrational modes of indium oxide. The irreducible representation is given as
where A g , E g , and T g represent Raman-active modes, A u and E u are inactive modes, and the T u is infrared-active modes.
29,30 Figure 5 shows some representative Raman spectra of indium oxide in the frequency range of 120-700 cm −1 with pressure up to 26.2 GPa. The ruby fluorescence spectrum shows the obvious separation and the fine symmetry for R 1 and R 2 peaks at 26.2 GPa. Six Raman-active phonon modes were discernable at ambient conditions and all the observed modes correspond well to the band positions reported in the literatures for cubic indium oxide. 31, 32 We observed no changes in the Raman pattern below 12.8 GPa, indicating that the phase transition pressure observed in XRD experiments is in good agreement with Raman results. With the increase in pressure, the intensity of lowerfrequency 1 Raman peaks diminished gradually and completely disappeared as pressure increased to 21.8 GPa, as shown in Fig. 5͑a͒ . When the pressure was up to 12.8 GPa, the spectral shape changed considerably as a result of the strongest E g Raman mode 2 splitting into two peaks and the splitting gradually widened with pressure. Moreover, the higher-frequency 5 and 6 Raman peaks have become indiscernible as the pressure increased to 15 GPa. We can see clearly that all the Raman peaks of the high-pressure phase were significantly broadened compared with those for c-In 2 O 3 at lower pressure, which indicate that the material may exhibit structural disorder. While comparing our results with similar compound, it is interesting to note that Ga 2 O 3 showed broadening Raman spectra. It is thought that the corundum structure of Ga 2 O 3 material is disordered. 18 The pressure dependence of Raman phonon frequencies in the compression process from 0 to 26.2 GPa is shown in Fig. 6 . We can see that all vibrational peaks shifted toward high frequencies and there were apparent discontinuities around 12.8 GPa on all modes. It indicates a structural phase transition at 12.8 GPa in indium oxide. Furthermore, the phase transition process was accompanied by the lattice change in O 2− ions and the shift in In 3+ ions from octahedral and trigonal prismatic to trigonal biprism sites, as shown in Fig. 1 . While the high-pressure phase has significant possibilities for disorder among In 3+ , ions position on trigonal biprism coordination within O 2− ions, which can be indicated by the appearance of a broadened peak in Raman spectra.
IV. CONCLUSIONS
In summary, we experimentally confirm static highpressure-induced structural phase transition of In 2 O 3 using synchrotron radiation XRD and Raman spectral measurements. A pressure-induced cubic to hexagonal corundumtype phase transition starts at 12.8-15.3 GPa, which is consistent with the pressure-induced transition in shock-induced method. However, the value significantly differs with earlier theoretical predictions. A bulk modulus B 0 = 212.85 Ϯ 8.32 GPa at a fixed B 0 Ј= 4.62 for corundum-In 2 O 3 was estimated from the patterns obtained at high pressure. This value is slightly higher than theoretical data results. However, the broaden peaks of Raman spectra in high-pressure phase indicate that the phase is structurally disordered. These results should be helpful for understanding the physical properties of In 2 O 3 and future investigations. 
